Studies attempting to map post-stroke cognitive or motor symptoms to lesion location have been available in the literature for over 150 years. In the last two decades, two computational techniques have been developed to identify the lesion sites associated with behavioural impairments. Voxel Based Morphometry (VBM) has now been used extensively for this purpose in many different patient populations. More recently, Voxel-based Lesion Symptom Mapping (VLSM) was developed specifically for the purpose of identifying lesion-symptom relationships in stroke patients, and has been used extensively to study, among others functions, language, motor abilities and attention. However, no studies have compared the results of these two techniques so far. In this study we compared VLSM and VBM in a cohort of 20 patients with chronic post-stroke aphasia. Comparison of the two techniques showed overlap in regions previously found to be relevant for the tasks used, suggesting that using both techniques and looking for overlaps between them can increase the reliability of the results obtained. However, overall VBM and VLSM provided only partially concordant results and the differences between the two techniques are discussed.
Introduction
The anatomical correlates of cognitive functions have been discussed in Western literature for many years, with the early works by Broca and Wernicke being some of the most famous ones. Until recently, two main methodologies dominated the scene of mapping symptoms to lesions. In the older, 'lesion-defined' technique, two groups of patients with different types of lesions (for example, perisylvian versus extrasylvian, as in Rapcsak et al., 2009 ) are compared on behavioural measurements. If one group is significantly more impaired on a specific behavioural measurement, then this behaviour is typically attributed to the relevant brain area. Although widely used, this method has a few major caveats. Firstly, by only analysing chosen areas in the brain, one might overlook the importance of areas outside these regions, as well as the distinct importance of subareas within the region. Secondly, this technique requires two groups of relatively homogenous populations with regard to the site of stroke, which is often not possible or realistic given the variability in stroke topography. The second, more recent technique groups patients according to behavioural deficit rather than lesion site. Using this method, one would compare two groups of patients with different behavioural abilities, examining whether they also differ in the site of lesion (for an example see Dronkers, 1996) . This approach has caveats as well, with the main one being that behavioural symptoms need to be defined as either preserved or impaired. Clearly, most behavioural measurements are more complex and therefore by examining binary behavioural scores, crucial and interesting data can be overlooked. Moreover, the cut-off point can be arbitrary at times, resulting in different outcomes when using different cut-off points. As a consequence, researchers often tend to study groups of patients showing extreme behavioural profiles; patients with substantial impairment versus those with no impairment at all. By doing so, again, essential data are lost and the study cannot be easily generalised to untested patient populations.
Building on this clear need for an improvement on the existing techniques, Bates et al. (2003) have developed the Voxel-based Lesion Symptom Mapping (VLSM) which is a modification on the second group of techniques mentioned above which associate behaviour to lesion site, on a voxel-by-voxel basis. In VLSM, lesioned areas are defined and for each voxel, patients are then divided into two groups according to whether they do or do not have a lesion affecting this particular voxel. Behavioural scores are then compared for these two groups, yielding a t-statistic for that voxel. The procedure is then repeated across all voxels lesioned in one or more patients. This method deals with some of the caveats of previous techniques; the difficulty in finding patients with similar lesions, the disadvantage of analysing lesions which cover large areas without distinguishing sub-regions within the lesion, and the loss of information when using binary behavioural data.
VLSM is an efficient method for mapping behaviour onto lesions in chronic stroke patients and many studies have used it to study language impairments (Baldo and Dronkers, 2007; Baldo et al., 2006; Bates et al., 2003; Borovsky et al., 2007; Dick et al., 2007; Dronkers et al., 2004; Piras and Marangolo, 2007; Richter et al., 2007; Saygin et al., 2004; Wilson and Saygin, 2004) , attention (Grandjean et al., 2008; Molenberghs et al., 2008) , executive functions (Ploner et al., 2005) , motion detection (Saygin, 2007) and motor deficits (Schoch et al., 2006) , amongst other functions.
Another voxel-based method that has been used to map the relationship between lesions and behaviour is Voxel Based Morphometry (VBM) (Ashburner and Friston, 2000) . VBM is a fully automated technique which aims at identifying local differences in tissue composition, after discarding gross anatomical differences between individuals (Ashburner and Friston, 2000; Mechelli et al., 2005) . Voxel intensities are measured with a continuous parameter, and compared between groups or correlated with behavioural or other measurements, in order to define brain regions that are relevant for the behaviour in question (Ashburner and Friston, 2000) . It is possible to analyse the entire brain or focus on specific ROIs. Since its inception, VBM has been used extensively to identify the structural integrity of brain tissue in neurologically impaired patients (Baron et al., 2001; Gitelman et al., 2001; Karas et al., 2003; Kassubek et al., 2002; Mummery et al., 2000; Rosen et al., 2002) . VBM has also been used to investigate lesion-symptom mappings in stroke patients with a variety of behavioural impairments, such as language and working memory (Leff et al., 2009; Rowan et al., 2007) , motor function (Gauthier et al., 2008; Price et al., 2010) and cognitive impairment (Grau-Olivares et al., 2007; Stebbins et al., 2008) .
While VBM and VLSM may be used for similar purposes, differences in their implementation can be substantial. The first is that in VLSM voxels are classified in a binary fashion (lesioned or not lesioned), while in VBM voxels have a value along a continuous parameter. The use of continuous lesion measures could be more sensitive in some contexts (if it correlates linearly with behaviour) but less sensitive in other contexts (if there is a non-linear relationship between lesion and behaviour). Secondly, lesion reconstruction prior to implementing VLSM has traditionally used manual tracing of the lesion; whereas VBM defines voxel intensity automatically, for each voxel separately. Drawing lesions manually for VLSM is highly time-consuming and potentially somewhat subjective. Moreover, VLSM when based on manual lesion reconstruction can only analyse areas where the lesion was defined as present in at least one participant, and therefore, one cannot draw conclusions about areas which are not analysed but might be relevant for the specific function. For example, after stroke, and especially in the chronic stages, remote areas might show Wallerian degeneration. These areas might not be easily distinguishable on the structural brain images and are therefore less likely to be included in the manual lesion definition, although they possibly influence the behaviour under investigation. VBM, on the other hand, can employ a whole brain analysis, and potentially, can identify subtle differences in tissue composition. Additionally, a bias in the selection of areas in VLSM might arise from a few different sources. For example, in the chronic stage after stroke there is often a distortion of the grey and white matter due to gliosis, atrophy and collapse, with changes in the shape and relative size of the ventricles. However, when drawing the lesion, enlarged ventricles may or may not be included in the lesion. When not included, periventricular areas which are damaged in many patients will be excluded from the analysis.
In summary, both techniques can be used to relate structure to function, and the results of both can be easily compared to findings from studies of healthy participants, since both techniques generate statistical maps in normalised space. However, although the two techniques are often used for the same purposes, to date, no studies have directly compared them. We therefore explored the differences between the two imaging analysis techniques in a cohort of chronic stroke patients with language impairment following a left Middle Cerebral Artery (MCA) territory stroke. We examined three language abilities: auditory sentence comprehension, word repetition and object naming. These three tasks represent different aspects of language processing which were widely studied in the past using various techniques (Bates et al., 2003; Friederici, 2002; Martin, 2003; Price, 2010; Price et al., 2005; Richardson and Price, 2009 ).
Materials and methods

Participants
21 patients with chronic stroke (at least 6 months post-stroke) participated in the study (14 M/7 F; age range: 21-81; mean age: 64±15; mean number of years of education: 12±3; mean time since last stroke: 27±21 months). All developed aphasia following a left MCA territory stroke, were above 18 years of age, and were native speakers of English. The diagnosis of aphasia was based on the convergence of clinical consensus and the results of a standardised aphasia examination -the Comprehensive Aphasia Test (CAT, Swinburn et al., 2004 ). All patients had comprehension level which allowed them to give consent to the study and understand the behavioural tasks. Patients had no history of other neurological or psychiatric disorders and no major cognitive impairment. Table 1 presents additional demographic and clinical information. The study was approved by the Cambridge Research Ethics Committee and all participants read an information sheet and gave written consent.
Behavioural testing
Patients were tested on the Comprehensive Aphasia Test (Swinburn et al., 2004) and the Apraxia Battery for Adults (Dabul, 1979) . They were also given a set of cognitive tests, including the Brixton Test of executive functions (Burgess and Shallice, 1997) , the Raven Matrices (for measuring non-verbal IQ, Raven, 1938) , the Rey-Osterreith Complex Figure Test (testing visual long-term memory, Meyers and Meyers, 1995) and parts of the Addenbrooke's Cognitive Examination-Revised (ACE-R), testing visual-spatial abilities (Mathuranath et al., 2000) . The cognitive tests were administered in order to exclude patients who, due to cognitive or sensory impairments, could not perform the tasks reliably. Tests were administered in 2-3 sessions, depending on the patient's ability. Behavioural test sessions took place either at Addenbrooke's Hospital or at the patient's home, according to the patient's preference. The following tasks from the Comprehensive Aphasia Test were analysed: 1) Auditory sentence comprehension: participants were read a sentence and were asked to point to one of four pictures which best fitted the sentence. The task had 16 trials. 2) Word repetition: participants were asked to repeat words read out by the examiner. This task included 16 short words. 3) Object naming: participants were asked to name 24 pictures of objects. In all tasks, a correct answer was given 2 points. A delayed answer or a correct answer following self-correction was given 1 point. In the auditory sentence comprehension and the word repetition tasks, if the participant asked the examiner to repeat the question, and this was followed by a correct answer, 1 point was given as well. Maximum possible scores and the cut-off score for defining impaired function are presented in Fig. 1. 
Imaging data acquisition
Imaging was performed using a 3 T Siemens Magentom Trio Tim MRI scanner (Munich, Germany). Four patients could not undergo a 3 T MRI scan due to cardiac stents (n = 2) or PFO devices (n =2) which were not 3 T compatible. These four patients were scanned using a 1.5 T MRI Siemens scanner (Erlangen, Germany) and the effect of using a different scanner on the results was considered (see below). (FLAIR, PD and MPRAGE) . Contours of the lesion were drawn on the outer borders of hyper-intense regions while observing similar changes of intensities in the other modalities. The lesions were identified on a slice by slice basis. Widened sulci were included in the lesion definition only in those cases where there was a clear asymmetry in sulci width between the lesioned and non-lesioned hemisphere. Periventricular regions were defined as lesioned only when there was a clear signal intensity change in the area and the cortical lesion extended all the way to the periventricular space. Areas surrounding enlarged ventricles with normal signal intensity, or periventricular white matter ischemic changes appearing on both hemispheres were not defined as lesioned. The drawn lesions were validated by a trained neurologist (EAW) who was blinded to the patients' diagnoses. A lesion overlap map is shown in Fig. 2 . Binary masks were made from the lesions (Brett et al., 2001 ) using MRIcron (MRIcron 2009 , Rorden et al., 2007 .
MPRAGE images were normalised and segmented into grey matter (GM), white matter (WM) and cerebro-spinal fluid (CSF) probability maps, in the standard Montreal Neurological Institute (MNI) stereotactic space, using the unified segmentation-normalisation algorithm Lesion masks were used to mask out abnormal tissue from the spatial normalisation routine and the spatial parameter files were then applied to the original drawn lesion which resulted in a spatially normalised binary lesion definition for each patient.
VBM
2.4.2.1. Creation of masks. To create a binary lesion map that is representative of the lesions in all patients, we added together all the lesions drawn manually for VLSM. This binary lesion map included all voxels which were defined as damaged in at least one patient, and excluded all voxels which were defined as intact in all patients. a For patients who had more than one stroke, time since the first stroke is indicated in brackets, followed by the type of stroke (i = ischaemic; h = haemorrhagic, R = right hemisphere; L = left hemisphere). b In brackets: the score received on the Edinburgh Handedness Inventory for ambidextrous subjects; −1 = strongly left handed, 1 = strongly right handed, 0 = completely ambidextrous.
Fig. 1.
Behavioural scores for all patients in the various language tasks. Red lines represent the cut-off score for defining impaired function in each task.
The binary lesion map was used to modify the GM and WM templates used in VBM and provided in SPM8. These templates were thresholded at voxel intensity equals to, or higher than, 0.2, and combined with the binary lesion map. This resulted in two binary masks (GM and WM) that were limited to lesioned tissue, and represented the overlap between the GM or WM templates and the lesions-based binary map.
Using these GM and WM binary masks in the VBM analyses ensured that it inspected the same regions as those analysed in the VLSM analysis.
2.4.2.2. Data pre-processing for VBM. Images were normalised as described above, just without an explicit mask. Normalised modulated GM and WM images were visually inspected for quality of the segmentation-normalisation process, and smoothed with a Gaussian kernel of 12 mm full-width-at-half-maximum.
The statistical analysis was conducted after applying the binary GM or WM masks that only include the lesioned tissue identified in the VLSM procedure (see above). GM and WM maps were analysed separately as is typical in most VBM studies to date.
Data analysis
For statistical analysis, all voxels in which at least 5% of the patients had a lesion (i.e. 1/20) were included in the analysis. Each covariate of interest was examined by itself and a t-statistic was calculated and corrected for multiple comparisons.
For VLSM we used the non-parametric mapping (NPM) software package (Rorden et al., 2007) and correction for multiple comparisons was achieved by employing the non-parametric permutation test, as recommended for medium-sized samples (Kimberg et al., 2007; Medina et al., 2010 ). An effective coverage map can be found in the supplementary material (Fig. 1) . The map defines the regions where it was or was not possible to detect effects at a given significance threshold of α = 0.05. The map was calculated based on the number of patients who have a lesion in each voxel and their distribution of behavioural scores (Rudrauf et al., 2008) . Data were permuted 1000 times with each permutation resulting in a calculated cut-off t-value with α = 0.05. The distribution of those t-statistics was used to determine the cut-off score at p b 0.05.
For VBM analysis, GM or WM images were entered into a multiple regression model in SPM8, where voxel intensities were correlated with behavioural measurements. The covariates of interest were examined using t-tests and Family Wise Error (FWE) corrected threshold of p b 0.05.
To allow direct comparison between VBM and VLSM, we also applied a parametric test to both analysis techniques, therefore equating the statistical procedure used. Significant results are reported at p b 0.05 and the False Discovery Rate (FDR) correction for multiple comparisons. To illustrate the overlaps and differences between the two methods, the statistical maps were thresholded at p b 0.05, FDR correction, and the images were binarised. We then looked for areas which were significant only in the VBM analysis, areas which were significant only in the VLSM analysis; and areas which were significant in both analyses. We further illustrate the differences between the methods by plotting the voxel intensity (in VBM) and voxel status (lesioned or not lesioned, according to the manual definition used for VLSM), against the behavioural performance, in three voxels: a VBM local maximum which was not significant in VLSM, a VLSM local maximum which was not significant in VBM, and a voxel which represented a local maximum in both methods.
2.5.1. Analysis of variations of parameters/covariates 2.5.1.1. Whole brain analysis. In order to explore whether an unmasked VBM analysis will reveal areas where performance significantly predict signal intensity outside the manually defined lesions, we analysed the data without the masks used above.
2.5.1.2. Effects of scanner type. To evaluate the influence of scanner type on the VBM analysis, all analyses were also run after adding scanner type as a covariate, or by excluding the 4 patients who were scanned on a 1.5 T scanner.
2.5.1.3. Effects of number of voxels analysed. To evaluate the influence of the voxels included we also run both the VBM and VLSM analyses only on voxels which were damaged in at least 20% of patients (i.e. 4/20). In the VBM analysis this was achieved by modifying the binary lesion map to include only voxels damaged in at least 20% of patients. This new binary lesion map was used to modify the GM and WM templates, as described above, resulting in two new binary masks (GM and WM).
Results
Behavioural results are presented in Fig. 1 . There were technical problems with the scan of one patient (patient nu. 9, scanned at 1.5 T) and the data of this patient was excluded from all analyses. Results are reported for the remaining 20 patients. All areas listed in the lesion analyses below were in the left hemisphere, and coordinates are reported in MNI space. Results of the imaging analyses are presented in Fig. 3 and in the supplementary material.
Comparison between VBM and VLSM
Auditory sentence comprehension
In both the VBM and VLSM, areas in the superior and middle temporal gyri (STG/MTG) were most significantly associated with auditory sentence comprehension. Specifically, in the VBM analysis, poorer performance significantly predicted lower GM voxel intensity on the border between the STG and MTG and lower WM voxel intensity in an area medial to the GM cluster (p b 0.05, FWE correction, Fig. 3, top panel) . In the VLSM analysis, poor performance on the task was significantly associated with lesions in the MTG, extending slightly into the inferior region of the STG (Z score> 4.04, p b 0.05, permutation correction, Fig. 3, middle panel) . Adding age as a covariate reduced the power of both types of analyses, without changing the pattern of results in either.
Looking at the differences between the methods, VBM found this cluster to extend more laterally and medially, therefore including the post-central gyrus and the supramarginal gyrus (SMG; p b 0.05, FDR correction; Fig. 3, top panel) , while the cluster defined by VLSM extended more posteriorly, to include the post-central gyrus, superior parietal lobule and SMG; and superiorly, to include the pre-central gyrus, inferior frontal gyrus (IFG) and the insula (Z score > 2.12, p b 0.05, FDR correction; Fig. 3, middle panel) .
We then plotted performance on the auditory sentence comprehension task against signal intensity, while distinguishing the voxel status (lesioned vs. not lesioned). Voxel [−60, −6, −6] (anterior part of the MTG/BA 22) was a significant local maximum in both analyses (VLSM analysis Z score=3.12; VBM analysis Z score=4.26), as can be seen in Fig. 3. Fig. 4a demonstrates the linear correlation between signal intensity and performance (Pearson's r=0.77, pb 0.001) and the significant difference between the 'Lesion' and 'No Lesion' groups (independent sample t-test, t=3.65, p=0.002) in this voxel.
A voxel which was located posteriorly to it, at [− 66, − 24, 4] was found to be significantly associated with performance only in the VBM analysis (VBM Z score = 4.42). There was a significant linear correlation between signal intensity and performance in this voxel (Pearson's r = 0.77, p b 0.001), while no significant difference was found when comparing the 'Lesion' and 'No Lesion' groups (independent sample t-test, t = 1.94, p = 0.068) (Fig. 4b) .
Lastly, voxel [− 30, 48, − 8] in the frontal lobe (mid orbitofrontal gyrus/BA 47), was found to be significantly associated with task performance only in the VLSM analysis (VLSM Z score = 3.19). Note that this voxel is in a large cluster which was found to be significant in the VLSM, but not in the VBM analysis. No linear correlation was found between T1-or T2-weighed images signal intensity and performance even at uncorrected threshold (p b 0.01). The 'Lesion' and 'No Lesion' groups differed significantly (independent sample t-test, t = 3.77, p = 0.001; Fig. 4c-d) .
In order to verify that the differences found between VBM and VLSM were not specific to one task, we analysed two more tasks: word repetition and object naming. Below are descriptions of the results for these tasks.
Word repetition
In the word repetition task, the overlap between VBM and VLSM was limited to a small area within the SMG/BA 40 and STG/BA 42 (supplementary material, Fig. 2a, bottom panel) .
Looking at the differences between the two methods, it was found that VBM highlighted a large cluster including the insula and the IFG, as well as the pre-central gyrus and some subcortical regions. Specifically, poorer performance significantly predicted lower GM voxel intensity in the pre-central gyrus/IFG (pb 0.05, FWE correction), and when using FDR correction, this GM cluster extended anteriorly into the IFG and the insula, inferiorly into the STG, and posteriorly into the SMG. Significant correlation was also found in the putamen (pb 0.05, FDR correction; supplementary material, Fig. 2a, top panel) . Lower voxel intensity in the white matter was predicted by poorer performance in a small cluster in the pre-central gyrus, only at uncorrected pb 0.001.
VLSM, but not VBM, identified a few small unconnected clusters in the frontal and parietal lobes to be significantly associated with performance. Specifically, poorer performance was associated with lesions to the pre-central gyrus, as well as to the middle frontal gyrus (Z score > 4.78, p b 0.05, permutation correction). When looking at the results with FDR correction (Z score > 2.84) areas of significant association were also found in the pre-central gyrus and the IFG (pars opercularis and orbitalis) (p b 0.05, FDR correction; supplementary material, Fig. 2a, middle panel) .
Object naming
Comparing the two methods directly, it was found that poorer performance on the object naming task was significantly associated in both methods with the IFG (mainly pars orbitalis/BA 47) and the insula, extending posteriorly into the STG/BA 22 and SMG/BA 40. (Supplementary material, Fig. 2b, bottom panel) .
Specifically, in the VBM analysis poorer performance significantly predicted lower GM voxel intensity in a small area within the rolandic operculum (p b 0.05, FWE correction), and in a larger cluster which included the IFG and the insula, the SMG and the temporal pole (p b 0.05, FDR correction; supplementary material, Fig. 2b, top panel) .
In the WM analysis, poorer performance predicted lower voxel intensity in the white matter adjacent to the rolandic operculum, but only at uncorrected p b 0.001.
In the VLSM analysis, poor performance was significantly associated with lesions in small areas within the IFG (Z score > 4.61, p b 0.05, FWE correction). With FDR correction, poor performance was significantly associated with lesions to the IFG, the anterior insula, the SMG and the planum temporale, extending posteriorly into the STG and MTG (Z score > 2.36, p b 0.05, FDR correction; supplementary material, Fig. 2b, middle panel) .
Looking at the differences between the techniques it was found that VBM, but not VLSM, found the IFG pars triangularis/BA 45 to be significantly associated with object naming as well. In addition, the VBM analysis highlighted subcortical regions (putamen, pb 0.05, FDR correction; supplementary material, Fig. 2b, top panel) . VLSM, but not VBM, found that lesions to white matter regions were significantly associated with performance (Z score>2.36, pb 0.05, FDR correction; supplementary material, Fig.2b middle panel) . Lastly, areas within the post-central gyrus were found to be significantly associated with behaviour in both methods, however, these areas did not fully overlap (pb 0.05, FDR correction; supplementary material, Fig. 2b, bottom panel) .
Analysis of variations of parameters/covariates
3.2.1. Whole brain VBM analysis 3.2.1.1. Auditory sentence comprehension. No areas significantly correlated with performance at p b 0.05, FWE or FDR correction. At uncorrected threshold, poorer performance predicted lower GM intensity in a large cluster in the medial section of the superior frontal gyrus, bilaterally, and in a WM cluster in the pons and the midline of the cerebellar hemisphere and vermis (p b 0.001, uncorrected).
These areas are outside the mask used in the above analysis. Correlation was also found in the left temporal lobe and the left SMG (p b 0.001, uncorrected), as in the masked analysis.
3.2.1.2. Word repetition. Poorer performance predicted lower GM intensity in the left pre-central gyrus (p b 0.05, FWE correction) and in the WM medial to it, but only at uncorrected threshold (p b 0.001, uncorrected). Using FDR correction, results of the GM unmasked analysis were similar to the ones described in the masked analysis. In summary, the unmasked analysis of the word repetition task did not find any regions outside the mask to be significantly associated with task performance.
3.2.1.3. Object naming. Poorer performance on the object naming task predicted lower GM intensity in the region described in the masked analysis, although in the unmasked analysis the cluster was smaller and did not extend medially as far as in the masked analysis (p b 0.05, FDR correction). WM intensity was predicted by behaviour in a region adjacent to the left superior temporal gyrus and in the pons, but only at p b 0.001, uncorrected.
In summary, the unmasked VBM analysis revealed areas that were significantly predicted by performance, outside the mask, but only when using uncorrected thresholds.
Effects of scanner type
Adding a covariate which describes the scanner type did not affect the results of any of the analyses. Running the VBM analyses only with patients scanned on the 3 T scanner (n = 17) resulted in similar results, only Z scores were lower. In particular, results described above were only significant at p b 0.001, uncorrected. This suggests that the type of scanner used did not have a biasing effect on the results. 
Effects of number of voxels analysed
We compared the analyses of voxels damaged in 5% and 20% of patients. In VLSM, the two analyses did not differ in any brain regions when using permutation correction (Z score >4.04, p b 0.05, permutation correction). That is, areas which were significant in one analysis were also significant in the second analysis. Looking at a lower threshold (Z score >2.12, pb 0.05, FDR correction; supplementary material, Fig. 3) , it was found that areas in the middle and superior frontal gyrus and inferior temporal lobe/inferior occipital lobe were significantly associated with behavioural performance on the auditory sentence comprehension task only in the analysis of voxels damaged in at least 5% of patients. These areas were excluded from the analysis of voxels damaged in at least 20% of patients, since they were damaged only in a few patients, as can be seen in the lesion overlap map (purple areas, Fig. 2) .
In the VBM analysis, significant clusters were larger, when analysing only those voxels damaged in 20% of patients, compared to the analysis which included voxels damaged in at least 5% of patients (p b 0.05, FWE or FDR correction; supplementary material, Fig. 3 ).
There was no change for the local and global maxima of either analysis (supplementary material, Fig. 3) . Importantly, significance levels of the three voxels analysed above did not change: voxel [−60, −6, −6] remained a significant local maximum in both analyses (VLSM analysis Z score = 3.12; VBM analysis Z score= 4.25); voxel [−66, −24, 4] was only significantly associated with performance in the VBM analysis (VBM Z score= 4.41); and lastly, voxel [−30, 48, −8 ] was found to be significantly associated with task performance only in the VLSM analysis (VLSM Z score=3.19).
Discussion
This study is the first to look at the differences and overlaps between the results obtained with two commonly used voxel-based lesion-behaviour mapping techniques: VLSM and VBM. The results Fig. 4 . Performance on the auditory sentence comprehension task, plotted against signal intensity of T1/T2-weighted images of each participant, distinguishing the voxel status (not lesioned -in blue, vs. lesioned -in red). The location of the voxel is shown on the axial slices, where the binary thresholded maps from the VLSM analysis (green), VBM analysis (red) and both methods (yellow) are overlayed. All voxels are in the GM. (a) Behavioural performance plotted against signal intensity of T1-weighted images of each participant, at [−60, −6, −6] . This voxel was significantly associated with behaviour in both the VLSM analysis (Z score=3.12) and the VBM analysis (Z score=4.26). (b) Behavioural performance plotted against signal intensity of T1-weighted images of each participant, at [−66, −24, 4] . Signal intensity in this voxel was significantly correlated with behaviour in the VBM analysis (Z score=4.42), but not in the VLSM analysis. (c-d) Behavioural performance plotted against signal intensity of T1-weighted images (c) and T2-weighted images (d) of each participant, at [−30, 48, −8] . This voxel was significantly associated with behaviour in the VLSM analysis (Z score=3.19), but not in the VBM analysis.
obtained with the two methods largely, though not completely, overlapped. In the primary analysis, we ensured that the same areas were analysed in the two techniques, by applying a mask in the VBM analysis which included only areas marked as lesioned for the VLSM analysis. The VBM and VLSM analyses showed areas of overlap in all three tasks. These areas were previously shown to be relevant for the tasks used. Specifically, the MTG/STG was previously found to support auditory sentence comprehension (reviewed in Boatman, 2004; Hickok and Poeppel, 2007; Martin, 2003; Saur et al., 2009 ); word repetition was previously found to be supported by the SMG/BA 40 and STG/BA 42 (Anderson et al., 1999; Quigg et al., 2006; Saur et al., 2008) ; and object naming was previously found to be supported by the IFG and the insula (Price, 2000; Wise et al., 1999) . This suggests that using both techniques and looking for overlaps between them can increase the reliability of the results obtained.
We then performed a whole brain VBM analysis (without a mask). This analysis found areas in which signal intensity was significantly predicted by behaviour although these areas were not part of the lesion. We report this to demonstrate that VBM can detect small changes in tissue composition which might not be visible to the naked eye, but can still potentially influence behavioural performance. However, this result should be treated with caution since it was obtained only when applying an uncorrected p-value. Consequently, these findings will not be discussed further.
Looking at the differences between the two techniques we have found some areas to be significantly associated with behaviour in one method but not the other. One of the reasons for this discrepancy might be that even when applying the mask derived from the manual lesion definition to the VBM analysis, different areas might be analysed in the two methods. This is because using a VLSM derived mask in a VBM analysis does not exclude the possibility that areas which were not defined as an infarct in the manual VLSM lesion definition, influenced the VBM analysis. This can happen, for example, in cases where some patients have degeneration in regions where other patients had a lesion. For example, the IFG was included in the lesion definition of some, but not all, patients. In the VLSM analysis only patients for whom the IFG was defined as lesioned, were classified as such. In the VBM analysis, on the other hand, the IFG was investigated for all patients, since it was included in our mask. A patient with a posterior lesion might demonstrate Wallerian degeneration in white matter regions adjacent to the IFG which will result in WM voxels receiving low values (signifying low intensity). As a result, these remote voxels may be classified as being intact in manual lesion tracing for VLSM analysis but their low signal intensity may contribute to the identification of lesion-symptom associations in the VBM analysis. Moreover, voxels which are on the edge of the lesion might not be included in the manual lesion definition due to the manual nature of the masking, but identified as having low intensity in VBM. An example can be found when looking at the relationship between signal intensity in voxel [− 66, − 24, 4] and the behavioural scores (described in the results). Here, performance on the auditory sentence comprehension task significantly predicted signal intensity in VBM, but was not significantly associated with lesion in VLSM. It is suggested that this voxel was not significant in the VLSM analysis due to the classification of this voxel as being intact in one patient who performed poorly (score = 5) on the task (see Fig. 4b ). Hence, in this case VBM might have given a more reliable result.
Secondly, as mentioned in the introduction, enlarged ventricles can sometimes cause a distortion of the adjacent grey matter, although this is not part of the lesion itself. In such cases, the periventricular area might not be classified as lesioned in the manual tracing used for VLSM. In this study, periventricular regions were classified as lesioned only in the few cases where the lesion extended all the way to the periventricular area. As a result, these areas were not found to be significant in any of the VLSM analyses. To date, there are no clear guidelines for the manual delineation of lesions. We therefore recommend that researchers describe the manual lesion delineation strategies used in order to ease comparison between studies and stimulate debate. In addition, it should be noted that today there are semi-automated (Wilke et al., 2011) and automated (Schormann and Kraemer, 2003; Seghier et al., 2008; Stamatakis and Tyler, 2005) methods for lesion reconstruction (see Wilke et al., 2011 for a comparison between manual, semi-automated and automated lesion tracing techniques). In the VBM analyses, on the other hand, signal intensity in the putamen was found to be significantly predicted by behavioural scores in both the word repetition and the object naming tasks (see supplementary material). This suggests that the VBM analysis might be more sensitive to periventricular regions. On the other hand, periventricular regions are more likely to be subject to errors in the spatial normalisation routine in stroke patients with large lesions due to the extremely abnormal shape of the ventricles. Moreover, the striatum is not well segmented in VBM (Helms et al., 2009; Igual et al., 2011) . Together, these make the VBM results in the periventricular regions potentially less reliable. It is therefore suggested that results obtained in periventricular regions be treated with caution.
A major difference between the techniques is that while VLSM uses binary data, VBM uses continuous data (notice that the recent version of VLSM (version 2.3, Bates et al., 2003 ; http://www. neuroling.arizona.edu/resources.html) allows analysing data using both VLSM or VBM). The use of continuous lesion measures could be more sensitive when the correlation with behaviour is linear. The effect of continuous versus binary measures cannot be simply tested by analysing binary images using VBM, because binary signal intensities are not normally distributed, therefore violating the assumptions of normality that are required for the parametric statistical analyses used in VBM, necessitating the use of non-parametric statistics as used in VLSM (Medina et al., 2010; Rorden et al., 2007) . In our study, auditory sentence comprehension was associated with lesion occurrence in voxel [− 30, 48, − 8] in the VLSM analysis (Fig. 4c) . At the same time, signal intensity in this voxel was not predicted by behavioural scores in the VBM analysis. This example highlights the limitation of VBM in cases where there is no linear relation between behaviour and tissue damage.
This example also relates to another issue in VLSM studies: VLSM studies typically include only voxels with a minimum number of patients in each group (with or without a lesion). Unfortunately, there is no agreement as to what the cut-off point should be, and studies differ on this figure, ranging from the inclusion of all voxels damaged in at least one patient (for example, Piras and Marangolo, 2007; Richter et al., 2007; Wilson and Saygin, 2004) ; voxels damaged in 10-15% of patients (for example, Borovsky et al., 2007; Dronkers et al., 2004) ; and voxels damaged in 20-25% of patients (for example, Baldo and Dronkers, 2007; Geva et al., 2011) . Here, we compared different cut-off points: in the high threshold analysis, we included only those voxels damaged in at least 20% of patients, while in the low threshold analysis we included all voxels damaged in at least 5% of patients. We demonstrated that this change of threshold affected the two techniques in opposite directions. In the VLSM analysis, analysing a smaller area of the brain resulted in shrinkage of the significant clusters. Some of the areas found to be significant in the low threshold analysis were excluded from the high threshold analysis, and naturally, could not be significant. In the VBM analysis, on the other hand, analysing a smaller area of the brain resulted in the expansion of the significant clusters. This might be due to the fact that bringing the threshold up means analysing fewer voxels, therefore reducing the number of multiple comparisons, which in turn allows voxels with lower Z scores to become significant.
Another difference between VBM and VLSM is also related to the use of parametric versus non-parametric statistics. Parametric VBM requires smoothing of the image. Apart from the obvious issue of reducing spatial resolution, a problem which is not special to VBM, smoothing also shifts the local maximum slightly towards areas of low tissue variance, thus further distorting the map and making it difficult to give accurate localisation (Mechelli et al., 2005) . In VLSM, smoothing is not an essential part of the images processing. In this study, the potential influence of the smoothing process is easily visible when looking at the statistical maps. For example, in the word repetition task, a small cluster in the IFG was found to be significant in the VLSM analysis. This cluster was not anatomically connected to other clusters. In the VBM analysis, a partially overlapping cluster was found in the IFG, but in this case, it connected to areas in the pre-and post-central gyri, among others. This might be a result of spatial smoothing, rather than a genuine result. Changing the smoothing level did not significantly alter the results (see supplementary material).
A related issue is the sensitivity of each technique to outliers. As can be seen in Fig. 4 , all graphs contain an outlier. Testing the sensitivity to an outlier in VLSM is relatively simple, and can be done by excluding participants with outlier behaviour. In VBM, on the other hand, a participant might be defined as an outlier based on either behavioural scores, or signal intensity. An outlier behavioural score can easily be defined, but an outlier in signal intensity can potentially differ between voxels, making it more difficult to test the influence of the outlier in a whole-brain analysis.
Lastly, the VLSM analyses found lesions to white matter regions to be significantly associated with behaviour in all tasks, while in the VBM analyses, white matter voxel intensity was rarely found to be significantly predicted by behaviour. The differences between VBM and VLSM in this respect might be reduced by combining GM and WM lesion images into a single lesion image prior to the VBM analysis. An analysis technique specific to white matter (for example, one that uses Diffusion Tensor Imaging data) could shed further light on the relationship between white matter structural integrity and behavioural abilities.
A few general issues should be mentioned with regard to the differences between the two techniques. Firstly, traditional lesionsymptom mapping techniques are aimed at revealing those areas which are necessary for a specific cognitive function. By analysing areas outside the individual's patient lesion, VBM diverges from this original purpose, and might highlight also areas which simply contribute to the cognitive function in question.
Secondly, VBM analyses voxel intensity. In lesioned brains, the relation between voxel intensity and the fate of the tissue is not fully understood. For example, it has not been examined whether higher intensity means a larger number of functioning neurons, particularly within an infarct. Furthermore, lesion studies typically examine stroke patients in the chronic phase, when lesions usually appear to be dark on T1-weighted MRI scans. This can lead to WM or CSF being classified as GM. This might be dealt with by adding an additional tissue class (prior) into the segmentationnormalisation process as suggested by Seghier et al. (2008) . This procedure identifies outlier voxels in lesioned brains and classifies them as 'Lesion' (not GM, WM or CSF). Nevertheless, even with normal healthy brains, it is unclear whether structural variation identified with VBM is related to changes in neuropil, neuronal size, dendritic arborisation, axonal arborisation or other morphological differences.
Thirdly, for manual lesion reconstruction for VLSM we used T2-weighted images while consulting all other images available. VBM, on the other hand, typically relies on information from high resolution T1-weighted images. Studies have demonstrated correlations between T2-weighted signal intensities and tissue damage (reviewed in Dijkhuizen and Nicolay, 2003) leading to the current use of T2-, and not T1-weighted images for clinical purposes, even though T2-weighted images are often acquired with lower resolution. For example, a study of ischaemic stroke in rats has found extremely high correlations between lesion volumes as measured manually on T2-weighted images, and lesion volumes calculated from post mortem histological brain slices. Moreover, T2-, but not T1-weighted images, had good lesion signal-to-noise ratio (Ashioti et al., 2007) . Similar studies in humans are not available. Developing a computational algorithm which combines the information provided by sequences other than high resolution T1-weighted images (for example, see studies by Lu et al., 2005; Soltanian-Zadeh et al., 2003) may potentially enhance the validity of VBM studies of stroke.
Study caveats
Three patients were scanned on a 1.5 T scanner while the rest of the participants were scanned using a 3 T scanner. This can potentially introduce noise, or even systematic errors, into the data. The source of such noise can be, for example, the difference in the magnet field strength, noise of the electronics of the MRI which can vary between scanners, and differences in participants' positioning in the scanner (Stonnington et al., 2008) . These effects will have a greater impact on VBM, which relies on signal intensity measures, than on VLSM that is based on the subjective identification of the lesion by eye which is likely to be similar on images produced with 1.5 T and 3 T MRI scanners. A comparison between scanners could not be achieved because of the small number of participants scanned on one of the scanners. Therefore, to obtain some estimation of the influence of this variable on the results, scanner type was added as a covariate to the general linear model. The results were then compared to the initial analyses, showing that scanner type did not influence the results. We then repeated our analyses while removing the three patients who were scanned on 1.5 T scanner from the analysis. This resulted in loss of power (less significant effects in all analyses), although the patterns of the results remained the same. Together, this suggests that combining images from the two different scanners did not bias our results. This conclusion is supported by a previous study showing that volumetric measurements did not differ between 1.5 T and 3 T scanners (Briellmann et al., 2001) . Moreover, Stonnington et al. (2008) have shown that in a multi-centre study, the effect of disease (in this case, Alzheimer's Disease) was far greater than the effect of scanner, and they go further to suggest that pooling data from 1.5 T and 3 T scanners should be viable in VBM studies which use SPM5 and above.
Firstly, patients with multiple strokes were not excluded here, meaning that in some cases language assessment scores might have been affected by a previous stroke, especially if the stroke affected the language system. This inclusion criterion differs from many lesion-symptom mapping studies of aphasia which are available in the literature. However, the voxel-based analyses used here do not take into account how the effect of damage to one voxel depends on the effect of damage to other, remotely located, voxels. Rather, both VBM and VLSM look for the most significant correlations between behaviour and damage, irrespective of damage to other remote brain regions. Hence, the inclusion of patients with multiple strokes is not critical for the purpose of this study.
Secondly, not all participants were right-handed pre-morbidly. This differs from many other studies of aphasia in which right-handedness is an inclusion criterion. However, this is not critical for the purpose of this study, since the study did not focus on the anatomical underpinning of language function.
The population characteristics mentioned above (multiple lesions, handedness) add to the heterogeneity of the patient group. The large age range in our group of participants also contributes to the group heterogeneity, although notice that adding age as a covariate to the analysis did not change the pattern of results in either technique. Lastly, the sample size in this study was relatively small. Studies exploring cognitive and motor functions using VLSM or VBM should aim at studying more homogenous, though at the same time larger, patient groups.
Conclusions
We compared the use of VBM and VLSM in the study of language impairments in a cohort of chronic stroke patients. Areas where the two techniques gave overlapping results are those areas previously shown to be relevant for the cognitive functions tested. This suggests that using both techniques and looking for overlaps can potentially increase results reliability when seeking to map cognitive functions in the brain. However, the two techniques do not produce precisely the same results and potentially answer somewhat different questions. Since each method has some clear advantages over the other, we suggest that in future studies of chronic stroke patients, researchers consider the differences between the techniques when evaluating results and their implications.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.nicl.2012.08.003.
